Many arid areas of the world, including much of western North America, contain dry or drying lake beds. These areas are quite barren because of high salinity levels, the presence of toxic elements (especially boron), and/or low water and nutrient availability (Dahlgren et al. 1997) . Windblown soils from dry lake beds cause fine particulate dust pollution and other negative effects, including injurious humanhealth conditions (Sauder 1994) . One solution to these problems is the establishment of native aridland vegetation, which can trap windblown soil (Boeken and Shachak 1994) . However, natural or managed establishment of seedlings through successful seed germination and seedling survival depends on many factors: seed rain, seed entrapment, water and nutrient availability, and protection from herbivory (Harper 1977 , Chambers 1995 , Schupp and Fuentes 1995 , Bakker et al. 1996 , Nathan and MullerLandau 2000 . Each factor contributing to seed germination and seedling survival becomes critical to successful plant establishment in stressful desert ecosystems. Furthermore, the temporal variability of seed production or seedling establishment depending on precipitation causes complex patterns in timing of successful natural seedling establishment and poses problems for successful restoration seeding in desert playa areas.
Two major barriers to successful seedling establishment are low seed availability and poor retention of wind-dispersed seeds (Bakker et al. 1996 , Houle 1996 . Under stressful environmental conditions, there can be low levels of seed production (Houle 1996 , Nathan and Muller-Landau 2000 , Drenovsky and Richards 2005 and poor entrapment. Even with sufficient seed production, entrapment in many desert locations, especially playas, may be low due to few seed-trapping obstructions and high wind speeds. In high-wind areas like desert playas, entrapment may be most important to seedling establishment.
Seed entrapment, defined as the number of seeds that remain in a microsite long enough to imbibe water, increases with increasing soil-surface particle size up to a threshold (Chambers ABSTRACT.-Natural establishment of seedlings in desert playas with temporally variable precipitation hinges on many factors, including seed production, seed dispersal, seed entrapment, seed germination, and seedling survival. We investigated natural seed dispersal patterns and the effects of surface texture, wind barriers, resource availability (water and nutrients), and protection from herbivory on seedling establishment in a desert playa. We hypothesized that the seed rain would be consistent throughout the year and that seedling establishment would improve in resource-amended plots with barriers to wind dispersal. Contrary to our hypotheses, seed flux peaked seasonally during the winter, and fertilization had no consistent effect on seedling establishment. Seed availability for dispersal correlated with precipitation in the previous water year, whereas seedling recruitment was greatest when current-year precipitation during the spring germination and summer seedling growth periods was high. Gravel and barrier surface treatments contained more surviving seedlings than other surface treatments. Comparison with plots located outside of herbivore exclosures, however, showed that greater seedling presence in gravel plots may be due somewhat to protection from herbivory provided by the gravel, rather than simply to the greater seed-trapping quality of the gravel. With abundant seed availability, application of surface treatments, like coarse gravel, combined with increased seasonal water availability could lead to improved shrub establishment from seed in desert playas. et al. 1991) or with the addition of holes, depressions, or barriers to seed movement (Mott and McComb 1974, Johnson and Fryer 1992) . Seed entrapment may be enhanced by increasing soil particle size to include gravel, by installing obstructions, such as fences, to trap seeds and other debris, or by creating depressions (Johnson and West 1988) . Recruitment on playas may hinge on the formation of large desiccation cracks that act as barriers to seed movement (Neal and Motts 1967) and provide safe sites where a dispersed seed can remain long enough to imbibe water and germinate (Johnson and Fryer 1992) .
In many areas, after seed production and retention (entrapment), successful colonization is often limited by safe-site characteristics, including water and nutrient availability as well as herbivory (Urbanska 1997, Fort and Richards 1998) . The limited availability of water and nutrients in deserts inhibits rapid seedling growth and eventual survival (Mott and McComb 1975, Mun and Whitford 1989) . Nutrient and water availability affect most stages of seedling establishment but are particularly important for early seedling growth and survival (Harper 1977) . Years with high precipitation cause nutrient pulses that allow plants to produce more seed for the next year, but these pulses have a more immediate benefit to seedlings that must overcome stresses present during seed germination and early seedling growth (James et al. 2006, Breen and Richards 2008a) .
Lastly, after seed entrapment and resource availability, herbivory, primarily by jackrabbits and small rodents, appears to be an important determinant of successful seedling recruitment in desert playas (Harper 1977, Baskin and Baskin 1988) . In good rainfall years with abundant seed germination, herbivory damage to seedlings may decrease due to satiation of herbivores by abundant vegetation. Likewise, in years of limited or no precipitation, damage to seedlings from herbivory may increase, thereby decreasing successful seedling recruitment, despite potentially good seed production and retention in the area (A.N. Breen personal observation).
In this study, we measured seed flux on the Owens Lake playa, California, at the MojaveGreat Basin desert ecotone to explore rates and potential inhibitors of seed dispersal and seedling establishment. Improved understanding of seed production, seed dispersal, and seedling establishment on the Owens Lake playa is needed to increase seedling recruitment and to stabilize soil for dust mitigation, which depends on establishment of native vegetation (de Soyza et al. 2000) . These results will aid managers in determining best approaches to increase seedling growth and survival, not only at the saline, sandy Owens Lake playa, but also at similar arid sites worldwide. The results are also important to understanding spatial and temporal variation in natural seedling establishment in deserts.
Density of seed rain can vary between locations and years, since production of seed depends on precipitation, with only a few species providing substantial contributions (Urbanska and Fattorini 2000) ; but it is unknown how much, at what rate, or during which months seed moves across sections of the Owens Lake playa. Seedling establishment has occurred in the past on Owens Lake shorelines exposed since the 1920s, as demonstrated by the presence of vegetation on those features. However, current establishment is extremely limited. We hypothesized that (1) precipitation affects the amount and diversity of seed available (i.e., seed production) for entrapment within the Owens Lake playa, that (2) increased distance from established, seed-producing plants results in lower seed availability and lower diversity of seed present, that (3) increased soil surface barriers to seed dispersal increase entrapment of seed within the Owens Lake playa, that (4) nutrient and water enrichment contributes to greater seed germination and seedling establishment at Owens Lake playa, and that (5) partial protection from herbivore damage to seedlings results in greater seedling survival and establishment. By understanding some of the factors that control seed production, seed entrapment, and early seedling establishment and survival, restoration projects in arid desert environments, such as the Owens Lake playa, can increase seedling recruitment and extend the longevity and success of such projects.
METHODS

Study Sites
Owens Lake, California, is located on the eastern side of the southern Sierra Nevada, in the Owens Valley between the Sierra Nevada and the Inyo-White Mountains (30°N, 118°W; 1083 m elevation). Diversion of water from the Owens River began in the early part of the 20th century and has resulted in a dry lake bed (playa) of approximately 285 km 2 (Sauder 1994) . The generation of fine particulate dust from the playa has created a severe air pollution problem in the area that must be reduced or eliminated for both health and aesthetic reasons. One solution used to mitigate the dust problem is the establishment of native, salttolerant Mojave and Great Basin desert plant species to cover and stabilize the soil.
The Owens Lake playa environment is severe and arid (average ET 0 = 1580 mm ⋅ y -1 , average precipitation = 137 mm ⋅ y -1 with over 80% occurring as rain between October and April), with high average wind speeds and extreme temperature variation (mean maxi mum July temperature = 37.2 °C, mean minimum January temperature = -3.0 °C; Sauder 1994 , Ono et al. 2000 , Dickey et al. 2005 . Precipitation was highly variable during the study, with 122, 38, and 254 mm of precipitation for the 2001, 2002, and 2003 water years, respectively (a water year, from 1 October to 30 September, represents autumn and winter precipitation that accumulates in the soil and can be used during the growing season). Playa soils (Entisols) are extremely alkaline (pH 10) and very saline and have high boron concentrations. The rooting depth of vegetation is restricted by shallow, saline, anoxic groundwater (Dahlgren et al. 1997 , Dickey et al. 2005 .
Two readily accessible, representative sites on the playa were used. The Lake Minerals Road (LMR) site was located on a 1920s shoreline of the lake. Coarse sand and gravel soils at this site were described by Dahlgren et al. (1997) . Currently seedling establishment is low at this site but has occurred in the past, based on the presence of large and small plants of several native species (Table 1) . Herbaceous cover was approximately 10%, with dominant vegetation including Atriplex parryi (Parry's saltbush), Atriplex confertifolia (shadscale), Sarcobatus vermiculatus (greasewood), Suaeda moquinii (bush seepweed), Distichlis spicata (saltgrass), Schismus arabicus (Mediterranean grass), and Cleomella obtusifolia (Mojave stinkweed).
The vegetation-on-sand (VOS) site was located on the playa and was barren, with a sandy, salt-crusted soil (87% sand, 7% clay). Prior to drip irrigation and the establishment of transplanted plants for a separate study, seedling establishment was not occurring at this location. Atriplex parryi, Sarcobatus vermiculatus, Suaeda moquinii, and Distichlis spicata were planted in the summer of 2001 for separate studies at the VOS site. These plants began to produce and disperse seeds onto the playa during the 2002-2003 winter season, affecting seed rain and seedling establishment at this site beginning with the 2003 field season. At both sites, in addition to Distichlis spicata, the species of major interest for dust mitigation were Atriplex parryi, Sarcobatus vermiculatus, and Suaeda moquinii.
Field Methods
We collected seed directly from all species that were potential seed sources in the area in 2001-2003 and developed a seed key and library. To determine seed rain at the 2 study sites, we set up seed-trap devices, each consisting of a 3.5-L plastic pot within another identical pot (17 cm deep, 16-cm-diameter opening). The outer pot allowed removal of the inner trap pots without disturbance of the surrounding soil. The inner pot was filled to 4 cm deep with 2-cm-diameter gravel. The gravel trapped seeds, allowed them to remain dry, and prevented granivory (Fort and Richards 1998) . Polyester batting plugs in the bottom of the pots enhanced drainage and prevented seed losses. After seed traps (30 at the LMR site and 32 at the VOS site) were installed on 14 October 2001, they were collected seasonally for 2 years on the following dates: 9 February, 1 May, 18 July, and 11 December 2002; and 12 March, 2 July, and 21 August 2003. We used sieves (10 mm and 2 mm) to separate gravel, seed, other litter, and sand. Seeds were separated, identified with the seed key and library, and counted using a dissecting microscope. Counts of trapped seeds were standardized by dividing the total number of seeds trapped by the number of days in the collection period, multiplying by 30 (for an approximate monthly total), and then dividing by the area sampled by the trap openings. For overall totals, the averages of all traps per site were used; but for statistical analyses, individual seed trap values were used.
Surface treatments were designed to eliminate factors that limit seed entrapment and seedling recruitment. In early autumn 2001, at both study sites, we set up replicate blocks, each with four 30 × 30-cm treatment plots: unirrigated (native), irrigated (control), coarse gravel, and a 7-cm-high, T-shaped wood barrier (wood T). Because this experiment was focused on identifying factors that might enhance seed trapping and retention as well as seedling growth and survival (seedling recruitment), all treatments, except unirrigated, were surface drip irrigated with pressure-compensating emitters (2 L per hour for 1 hour per day) from late February to August each year to maintain moist soil for enhanced germination. Half of the replicate blocks received NPK fertilizer (10.5 g slow-release KNO 3 and 2 g triplesuper-phosphate) with complete micronutrients (1.3 g Apex Emerald, Simplot, Lathrop, CA), spread evenly over the surface of each 30 × 30-cm plot each year. The irrigated (control) treatment, which was lightly raked at the start of the experiment, provided control for germination of seed from the existing soil seed bank and was also compared to the unirrigated (native) treatment to assess precipitation limitations to seed germination and seedling establishment. The coarse gravel treatment consisted of a shallow layer of sieved, cleaned 2-cm gravel and was drip irrigated. The wood T treatment utilized two 30 × 8-cm pieces of wood joined with screws in a T shape. The wood T's were placed on the ground so they projected approximately 7 cm above the soil surface, which was drip irrigated. The amount of seed, litter, and debris were quantified in 3 locations around each T (2 "sides" and a "top"), and we determined that the amount trapped was equivalent among all 3 locations around the T. The total of all 3 locations at each wood T was used for each plot.
In arid ecosystems, seedling abundance of desert species is almost never high in 2 successive seasons (Chambers 1995 , Guo and Brown 1997 , Whitford et al. 1999 . For this reason, the experiment was conducted for 2 years. Surface treatments were observed and surviving seedlings counted on 2 May, 12 June, 1 July, 18 July, and 3 August 2002 and on 12 March, 27 March, 18 April, 22 May, 2 July, and 21 August 2003. Surviving seedlings were marked with colored toothpicks at each survey date. Sampling times differed between years due to precipitation differences between years and subsequent differences in germination timing. At the LMR site, there were 30 replicate blocks each with all 4 surface treatments (15 blocks spaced along a 60-m-long east-west transect and 15 spaced along a similar north-south transect). At the VOS site, there were 32 blocks (16 spaced along a 180-m-long north-south transect and 16 spaced along a 240-m-long east-west transect; groups of 4 blocks were located within 5 m of plots of the shrubs and saltgrass planted for a separate study at that site). Within blocks, treatments were located 0.25 m away from each other, and locations were randomly assigned (see statistical analyses). To standardize data, we divided the total number of emerged seedlings by area (area of one plot multiplied by the total number of plots, for totals, or area of one plot, for individual data used in statistical analyses). We determined seedling survival by following marked seedlings throughout each growing season.
To eliminate any possible effects of herbivory on emergence, growth, and survival of surface-treatment seedlings, a jackrabbitexclusion fence surrounded both the LMR and the VOS sites. Additional plots with the gravel treatment were placed both inside and outside of the fence at the LMR site, where many jackrabbits were observed, to determine the effect of grazing by herbivores. We added 10 viable seeds each of Atriplex parryi and Sarcobatus vermiculatus that had been prescarified to enhance germination in these plots. Because viable seeds of these species germinate rapidly, 10 seeds al lowed us to measure seed ling growth and survival at each site visit. These measurements allowed us to compare herbivory effects quantitatively at the LMR site.
In addition to the surface treatment experiment and the additional herbivory effect plots, we marked a separate cohort of naturally established seedlings of Atriplex parryi, Sarcobatus vermiculatus, and Suaeda moquinii at the VOS site (n = 300 seedlings per species) and followed their growth and survival over one season (March-August 2003) .
Statistical Analyses
All studies were set up as randomized complete-block designs, and sites were analyzed separately. Observations were weighted by the inverse of the variance within each treatment to correct for heterogeneity of variance. Observations were then analyzed using repeated-measures ANOVA, with sampling period as the within-subject effect (Neter et al. 1996, Stanton and Thiede 2005) . Factors for the surface-treatment experiment were block, surface treatment, and fertilizer. All interactions were in cluded in this model, and block was treated as random.
We tested the assumption of homo scedasticity and used the Greenhouse-Geisser test to adjust probabilities for unequal correlations among pairs of repeated measures, when the assumption for sphericity was rejected (P < 0.05). In addition, we used polynomial contrasts to partition interactions between treatments and to test the following a priori hypotheses: (1) Does irrigation affect seedling establishment regardless of surface texture? (2) Does rougher surface texture (gravel or wood T) increase seedling establishment over the irrigated treatment (the control). Post-hoc mean separation was performed using the Ryan-Einot-Gabriel-Welsch multiple range test (SAS Institute, Inc. 2001) . Least-squares analysis was used for correlations of seed trap data to surface-treatment seedlingpresence data.
We analyzed the diversity of seed species in the traps using the Shannon diversity index (number of abundant [i.e., ≥5% of sample] species in the sample), which was calculated using the following formula:
where p was the proportion of seeds of each species divided by the total number of seeds of all species in the sample (Kent and Coker 1992, McCune and Grace 2002) .
RESULTS
Seed Trapping
Traps captured seed from many species at both study sites (Table 1) . Not all adult plant species present in the surrounding area were represented in the collected seed rain. Unrepresented species included those that produce
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SEEDLING RECRUITMENT IN A DESERT PLAYA 59 seeds smaller than the sieve threshold. Species with the greatest number of trapped seeds generally were Psathyrotes ramosissima, Eriogonum spp., Schismus arabicus, Cleomella obtusifolia, and Atriplex parryi for the LMR site and seeds of Typha spp. plus the native shrubs for the VOS site (Table 1, Figs. 1, 2 ). An exception to this pattern was the very high number of seeds of Distichlis spicata, a perennial grass, which contributed to the high number of total seeds trapped during the summer 2003 period at LMR. At the LMR site, timing of seed dispersal was similar for all main species. The seed rain varied by year, with more seeds present for all species during the 2001-2002 study period, except for Cleomella obtusifolia at the LMR site and the planted, irrigated, fertilized shrub species at the VOS site (Figs. 1, 2 (Fig. 2) . Consequently, there was a positive correlation between the number of seeds trapped and the number of seedlings emerging at the VOS site. Typha spp. contributed the only significant seed rain at VOS during the first year of study (2001) (2002) because of the great distance between this site and any other vegetation that could produce seeds. Seeds of Typha spp. disperse great distances, and the amount trapped was greatest during the spring collection periods in 2002 (Fig.  2) . Atriplex parryi seed dispersal was significantly different temporally from either Sarcobatus vermiculatus (P = 0.05) or Suaeda moquinii (P = 0.03).
Seed 
Emergence in Surface Treatments
Seedling establishment occurred naturally (i.e., in unirrigated treatment plots) at both sites (Fig. 3) . At the VOS site, there was no seedling establishment in plots of any treatment in 2002, but the planting and growth of seed-producing shrubs there significantly increased seed presence and seedling establishment in 2003. Seedling emergence was positively correlated to seed rain at the VOS site. At the LMR site, fertilizer increased the number of seedlings in some plots, but this increase was not significant overall (P = 0.71, Fig. 3 ). Total seedling establishment at the LMR site was greatest in the 3 irrigated treatments during the summer months of the 2002 growth season and in all treatments during the spring months of the 2003 growth season (Fig. 3) . The gravel and the wood T treatments had the greatest number of germinated seedlings at the LMR site (Fig. 3) . Gravel treatments had more seedlings present than any other treatment (P = 0.003), and irrigated treatments had more seedlings present than unirrigated treatments (P = 0.0002), indicating that water played a role in promoting seedling emergence at the LMR site. The unirrigated plots without fertilizer had the lowest number of established seedlings at the LMR site, especially during 2001-2002, when precipitation was very low (Table 2) .
At both sites, seedling presence in plots located outside of the jackrabbit exclosure was significantly lower than seedling presence in plots protected from herbivory (P = 0.05). In the unprotected gravel treatments, seedlings were cut by herbivores (jackrabbits or small rodents) at gravel level, allowing them to survive; but in the wood T, irrigated, and unirrigated plots, seedlings were cut to soil level, which led to greater seedling mortality.
In contrast to the LMR site results, fertilizer additions at the VOS site significantly increased the number of surviving seedlings (P = 0.05). At the VOS site, the gravel surface treatment had the greatest total number of seedlings present (P = 0.01; Fig. 3 ). Irrigated (control) treatments were not significantly greater than In nearly every sampling period, unfertilized plots had greater Shannon diversity indices for seedlings than fertilized plots, but this difference was not significant (P = 0.3).
DISCUSSION
Desert ecosystems generally do not have high plant cover, and the diversity of species may be low partly because of abiotic constraints to seedling establishment (Barbour et al. 1993) . Our study area at Owens Lake, California, has established vegetation on old lake shorelines, but current seedling establishment is low. One factor contributing to the low percentage of vegetation cover and low diversity of species at this site is a lack of seed due to the distance to established vegetation or the low seed production by that vegetation. Resource-limited plants produce few seeds, particularly in drought years (Drenovsky and Richards 2005 , Breen and Richards 2008a , 2008b . Other studies at playa sites have found that seed entrapment rates can be high but depend on texture features present on the playa surface, such as cracks, stones, or indentations (Johnson and Fryer 1992 , Fort and Richards 1998 , Mandak and Pysek 2001 or on seed morphology (Chambers 2000) . In this study, seeds from at least 19 species dispersed onto the LMR site throughout the growing season at rates adequate for seedling establishment. However, at the VOS site, which was far from established vegetation, seeds of most species were not present until planted shrubs and grasses from another study began to produce seed locally. These results suggest that at the very large (285-km 2 ) Owens Lake playa, large distances from seed-producing plants limit the amount and diversity of seed rain.
Quantity and diversity of captured seed differed between years at the LMR site (similar to Gage and Cooper 2005) , most likely due to the great seasonal and annual differences in precipitation during the study (Table 2) (Table 2 ). In years with low precipitation, fewer seeds are produced by established plants (Mott and McComb 1975 , Harper 1977 , Humphrey and Schupp 1999 , although this effect may be delayed and also depends on seasonality of the precipitation (Drenovsky and Richards 2005, Richardson et al. 2005) .
A second possible explanation for low vegetation cover and diversity at Owens Lake is lack of seedling establishment. Lack of seedling establishment may be due to lack of seed en trapment or lack of enough safe sites that have adequate resources to support establishing seedlings and/or are protected from herbivory. However, we found that seed entrapment did occur, as seedling establishment was successful at the VOS site after seed availability was increased in the area (Fig. 3) , and that survival was possible for germinated seedlings of perennial shrubs without irrigation (2003 VOS survival data not shown). In addition, we found that surface treatments increased seedling emergence but that some seedling establishment occurred in all treatments (Fig. 3) . This finding supports the hypothesis that seedling recruitment can be improved by increasing surface roughness with larger particle size or with obstructions to seed movement (increased seed entrapment) and/or by increasing resource availability with water, and possibly nutrient, additions.
Precipitation amount and seasonality also affect seed germination and seedling survival but with different temporal responses than for seed production (Harper 1977 , Weiner et al. 1997 . Seedling emergence and establishment (i.e., survival) did not occur in unirrigated plots in 2002 but did occur in unirrigated plots in 2003 at both sites (Fig. 3) . This large difference between years can be attributed to differences in precipitation, especially precipitation falling during the spring germination and summer seedling-growth periods. In contrast to the 2002 water year precipitation (37.8 mm), the 2003 water year precipitation was 253.9 mm. Also, in the 2002 water year, only 12.7% of the very low annual amount fell from February to Augustthe months that are critical for germination and seedling establishment and survival at Owens Lake (Table 2 ). In contrast, in the 2003 water year, 41.9% of the high annual precipitation fell in that period. Manning (2003) found similar seasonal precipitation patterns throughout the Owens Valley in these years. Seedling emergence and survival were high when precipitation was high from late winter and through summer, as in 2003. Seedling emergence and survival were low when precipitation during this period was low, as in 2002 (Table 2, Fig.  3 ). Similar to other studies, yearly variation in precipitation, temperature, and other climatic variables can adversely affect seed germination and establishment (Wood and Morris 1990, Harris and Facelli 2003) .
As precipitation increases (or with irrigation in restoration situations), nutrient availability and herbivory protection become important limiting factors for desert plant community and ecosystem dynamics (Baskin and Baskin 1998 , Burke et al. 1998 , Garcia-Fayos et al. 2000 . Nutrient pulses, coincident with higher water availability, allow seedlings to overcome stresses present during germination and early seedling growth-critical life history stages that are often subject to high mortality rates (McLendon and Redente 1991 , Ungar 1996 , Miao et al. 1997 . Periods of favorable conditions for seedling establishment may occur intermittently or not at all for many years (Wertis and Ungar 1986). In this study, the addition of nutrients did not significantly increase the number of surviving seed lings present at the LMR site. However, at the VOS site, nutrient addition did increase seed ling establishment. This apparent contradiction is hypothesized to result from very low nutrient stores in soils at the VOS site, which was previously unvegetated, and the somewhat higher nutrient stores in the soil at the LMR site (although this site still has low nutrient availability compared to most other vegetation types; see Breen and Richards 2008a) , which currently has established vegetation (nutrient data not shown).
Lastly, after seed entrapment and resource availability, herbivory appears to be an important determinant of successful seedling recruitment. In favorable years, herbivory damage to seedlings appears to decrease because of herbivore satiation by the large number and rapid growth of emergent seedlings. During the first season of this study, when precipitation was extremely limited, all seedlings in the plots exhibited signs of herbivore (probably jackrabbit) damage. We also found that herbivory interacts significantly with the role that surface texture plays in successful seedling establishment. Because of the size of the gravel (up to 2 cm), the gravel surface treatment protected small, young seedlings from browsing by jackrabbits. However, during the 2002-2003 field season, precipitation was high and seed germination, especially of annuals, was very high, apparently satiating local jackrabbit populations and eliminating herbivory as a cause of seedling mortality in our experiments. Thus, the effects of herbivory are expected to increase in years when precipitation, germination, and plant growth are limited (Kuijper et al. 2004) , although populations of herbivores are also expected to fluctuate temporally.
Data on the seed rain and seedling establishment at Owens Lake provided both expected and unexpected results. These results support the broad conclusion that seedling establishment at Owens Lake playa is possible but depends on many factors, including seed production of established vegetation, distance from seed-producing plants, seed entrapment, availability of safe sites for growth and survival of seedlings (including resource availability and protection from herbivory), and perhaps a cascade of additional, yet-unknown factors (Aguilera and Lauenroth 1993 , Humphrey and Schupp 1999 , Shumway 2000 , Facelli and Temby 2002 . Our results indicate that seed availability could be a limiting factor to seedling establishment in areas of the Owens Lake playa far from established vegetation (such as the VOS site). Similar patterns would be expected in most large desert playas. However, the results also show that seed availability can be increased in a relatively short time by addition of drip-irrigated and fertilized shrubs (within 1.5 years of planting, in this study at the VOS site). Other studies have shown how seed production can be increased by fertilizing established, native shrubs (Drenovsky and Richards 2005, Breen and Richards 2008b) . Unexpectedly, fertilizer treatments did not result in significantly more seedlings at the LMR site, but did at the VOS site. Seed entrapment did occur on all surface treatments but could be improved with strips or patches of gravel or other obstructions to seed movement. Seedling survival was relatively high (50%) without irrigation on the dry lake bed through the summer of 2003 on soils where salinity had been reduced by leaching in the previous year. Seedling survival without irrigation only occurred, however, after a good winter-spring precipitation period and with an unusually high amount (44.9 mm) of precipitation in July and August (Table 2) In areas near established vegetation (such as the LMR site), seed availability and seed entrapment alone do not appear to be limiting seedling establishment at Owens Lake. Rather, interactions of precipitation amount and seasonality, safe-site availability, soil nutrient availability, and herbivory appear to determine seedling establishment. In deserts, especially on open playa surfaces, successful seedling establishment will vary spatially and temporally as seed production, seed entrapment, resource availability, and herbivory, among other factors, vary.
